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FOREWORD

This report was prepared by the Materials Research Group of General Dynamics/
Astronautics in compliance with Contract AF 18(600)-1775.

The impact behavior of thin diaphragms of titanium and aluminum alloys and stainless
steel, pressurized with liquid and gaseous oxygen, are discussed in the various sec-
tions of this report. Results are recorded in the tables according to experimental
conditions (Table 1) as well as chronologically (Table 2). The phenomenological
approach was intentionally selected so that all pertinent data could be presented before
a discussion of material behavior was given in the final section of the report.
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ABSTRACT

Diaphragms of thin titanium and aluminum alloy and stainless steel sheet have been
pressurized Ath liquid and gaseous oxygen and gaseous nitrogen, and subjected to
impact from a high velocity, small steel projectile. Titanium alloys burn in the oxy-
gen environment, but do not burn in either the sea-level air environment or pure nitro-
gen at pressures up to 60 psi. Films of WD-40 may inhibit the oxidation of titanium in
gaseous oxygen, but have little or no effect in retardingcombustionofthetitanium in li-
quid oxygen. Although stainless steel and aluminum are relatively unreactive in the
oxygen environment, these metals will burn when placed in contact with burning tita-

nium. Morecver, all metal diaphragms under 60-psi pressure may catastrophically
rip when a certain crack length or perforated area is attained.

Care should be exercised in che design of an aerospace vehicle to keep thin gauge
titanium sheet away -rom contact with liquid or gaseous oxygen.

v/vI
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91. INTRODUCTION

The greatest certainty about the hazard to aerospace vehicles from meteoric particles

is the great uncertainty i the predictions. Large areas of ignorance exist and this

can be attributed to the paucity of knowledge of the meteoroid environment of space

and the response of materials and structures to this environment. Moreover, a large

amount of the current experimental and theoretical data are subject to considerable

uncertainty. Consequently, quantitative predictions derived from these crude esti-

mates are only .ndicative of the orders of magnitude involved. When properly inter-

preted these estimates can serve as useful but not exact guides.

To further complicate the problem, aerospace vehicles have numerous areas of vari-

able vulnerability which necessitates different shielding requirements; materials,

structures, and design. In addition, the damage inflicted by the particle, material

behavicr, and an acceptable risk-level must be balanced against the probability of

impact with a given meteoric particle. Based on this risk-level, vehicle structures

can be designed which will:

a. Completely defeat all meteoric particles of a given mass and velocity.

b. Completely defeat some particles of a limited mass and velocity and permit more
energetic particles to completely penetrate the structure but the puncture will be
repaired via an astronaut or a self-sealant.

This will result in a shielding weight trade-off based on vehicle weight, accepted-risk

level for the specific vulnerab!e area, and the probability of impact.

Several typical vulnerable components are:

a. Unpressurized tanks (rigid, semi-rigid, and non-rigid).

b. Pressurized compartments (manned or unmanned).

1. LIquid.

2. Cas.

3. Liquid and gas.

c. Rocket motors.

d. Propellant.

e. Windows and instrumentation.

~1
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f. Astronauts.

g. Wiring, tubing, etc.

There is no doubt that impact of a meteoric particle with a space vehicle can cause
intensive damage (penetration), while the meteoric particle and shear plug fragments
can produce extensive damage to the components within the vehicle. In addition to
these obvious hazards, other Perils exist which are frequently neglected. For
example, 1) a flash explosion may result from a high velocity Impact with an oxygen-
rich pressurized aerospace vehicle or 2) an astronaut may experience shock and/or
concuss'nn, Liquid-oxygen propellant storage tanks may explode and/or burn since
they will contain both liquid and gaseous oxygen.

It has not been extablished that flash explosions or burning (rapid -xidation) results
from the meteoric particle impact on an-oxygen-rich pressure vessel. However, it
seems quite feasible in light of the recognized materials response. This feasibility
can b based on the following observed facts:

a. A considerable amouint of energy is generated when a small particle impinges on
a metal plate.

b. Small, unheated metal particles are pyrophoric in the normal sea level atmos-
phare. Oxides and nitrides can form as a result of the rapid reaction.

c. High velocity impact tests made in air with steel projectiles impinging ou alumi-
num targets have produced oxide coatings on the target plates.

d. Small particles of projectile and target are produced during a h!gh velocity im-
pact. These particles -will experience a temperature increq.e and will dF .lagrate
in an oxygen-rich environment. Conflagration will contitlue as long as oxygen is
in contact with any combustible material, and the heat of -Ai'dation is sufficient to
sustain the reaction. Combustible material is meant to include metal particles as
well as organic materials since the product of combustion will be an oxide; i.e.,
oxides of metal or carbon.

e. Although gaseous oxygen is highly reactive cbem-cally, liquid ow< gen is quite
inert. In fact, very few reactions are known to occur In liquid oxygen. It is
believed that the low temperature (-297.4°F. or -183.0C. ) slows most reactions
to a negligible rate.

It was the purpose of this program to experimentally ascertain materials compatibility
with liquid and gaseous oxygen when a pressurized structure is exposed to an impul-
sive load. This evaluation was accomplished by subjecting a six-inch diameter by
six-inch long pressurized cylinder, fabricated with replaceable diaphragms of tita-
nium alloy (6Ai-4V-Ti and 5AI-2.5Sn-Ti), aluminum alloy (2024-T3), and stainless

2
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steel (full hard 301) to the impact from 0. 097-gram to 0. 211-gram steel projectiles

traveling at 10, 000 to 15, 000 ft/sec. Impact phenomena of selec'oed experiments were
observed photographically in order to study the processes that occur.

I
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2 EXPERIMENTAL

The explosive charge (end projection) technique was used to propel projectiles of
known geometry, mass, and velocity at selected targets. The explosive charge (Fig-
ure 1) consists of plastic explosive (composition C-4) molded into a 2-inch diameter by
5-inch long cylinder with an air cavity at one end. A conical lead collet, ultimately
mated to the charge cavity, is used to mount the cylindrical steel projectiles. A Num-
ber 10 blasting cap is used to initiate the explosion. Projectile velocities between

5, 000 and 25, 000 ft/sec are measured by breaking the three equally spaced printed
circuits. The resulting signals are detected on two Tektronix model 360 oscilloscopes
and recorded on polaroid film. Debris and fragments from the explosive and lead
collet are prevented from contacting the test panel through the use of three blast
shields (Figure 2) provided with a small diameter hole. Details of the pressurized
test cylinder shown in Figure 2 are presented in the appendix.

A break circuit system is used to determine projectile velocities. Conductive grid
circuit paper is placed at 3, 3-1/2, and 4 feet from the initial position of the projec-
tile. The test panel is positioned 4-1/2 feet from the initial position of the projectile.
Signals are recorded with the cameras mounted on the oscilloscopes that are shown in
Figure 3. When the projectile passes through the first grid paper, a trace is started
on both oscilloscopes. The trace continues until the projectile passes through the
second grid paper, at which time there is a change in slope of the trace on the first
oscilloscope due to the voltage drop. A second change in slope is observed on the
second oscilloscope when the projectile breaks the third grid paper. Full scale on the
oscilloscope corresponds to 1.0 x 10-4 second, and since the distance between the
grid papers is known precisely, the average velocity of the projectile can be deter-
mined. The smoothness of the observed traces indicates essentially no "jitter" as the

projectile passes through the grid papers. The flash x-ray is considered to be the
mnst precise method of checking the velocity of a projectile. This method was used to
confirm the grid measurements; accuracy was within G percent. A typical x-ray
photograph of a projectile in flight is shown in Figure 4.

5 -I
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3 IMPACT BEHAVIOR OF PRESSURIZED STRUCTURES

The data pertinent to the behavior of unpressurized and pressurized structures when
subjected to impact from a high velocity steel projectile are given in Tables 1 and 2.
Two sizes of steel projectile were used; 0. 190-inch diameter by 0. 063-inch thick
weighing 0.21 gram, and 0. 125-inch diameter by 0. 0,3-inch thick weighing 0. 097 gram.
Velocities varied from 8900 to 15, 900 ft/sec.

3.1 TITANIUM ALLOY

3. 1. 1 5A1-2. 5Sn-Ti. Nine experiments were made (Figures 5 through 9) with the
front and back diaphragms of the pressurized cylinder fabricated from untreated 5Al-
2. 5Sn-Ti (see Table 1 for experimental conditions). Experiments 1 and 2 were dupli-
cate tests. That is, the 0. 190-inch diameter by 0.063-inch thick steel projectile
weighing 0.21 gram struck the 0. 025-inch thick front and back titanium alloy dia-
phragms pressurized to 20 psi with gaseous oxygen. The projectile, in Experiment 1,
shattered on contact with the blast shield, and produced numerous small fragments
that impinged on the front diaphragm. The largest hole was 0. 1 inch in diameter,
and the others were less than 0. 03 inch in diameter. The fragments of projectile
(steel), blast shield (aluminum), and diaphragm (titanium alloy) passed through the
six-inch long cylinder and pierced the rear diaphragm. A combination of the 1) energy
released on particle impact with the rear diaphragm, 2) pressurized gaseous oxygen
rapidly escaping through the small orifice(s), 3) low threshold for the oxidation reac-
tion, and 4) heat generated from the exothermic reaction (Table 3) produced the burned
area in the rear diaphragm, as shown in Figure 5. In Experiment 2, the projectile
broke into several fragments, struck the front diaphragm at 15, 900 ft/sec. and pro-
duced a large hole that was 0.33 inch in diameter (Figure 5). This hole was surround-
ed with partially reacted material as evidenced from the concentric rings of the differ-
ent colored oxides. Inspection of the rear diaphragm shows that a large area was
burned, and that the damage originated from at least three points.

A pressure of 60 psi was used in the remaining seven experiments; five of these exper-
iments (29, 35, 37, 38, and 39) were with liquid oxygen.

Two diaphragm thicknesses (0. 025-inch for Experiments 4, 37, 38, and 39; and 0. 014-
inch for Experiments 18, 29, and 35) and two projectile masses (0.22-gram and 0. 097-
gram) were used. Velocities ranged from 9,100 to 13,000 ft/sec. It should be noted
that at least one of the titanium (5A1-2. 5Sn-Ti) diaphragms in these seven experi-
ments was burned (oxidized) by reaction with the oxygen environment. The quantity of
material burned appears to depend on the amount of oxygen present since damage to the
diaphragms at 60 psi was greater than those at 20 psi.

The front diaphragms of five test cylinders (1, 2, 4, 18, and 35) were penetrated with-
out burning while the rear diaphragm was penetrated and burned. Four of these five
cylinders were pressurized with gaseous oxygen; Experiment 35 is the only exception,
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Table 1. Impact Data Summarized According to Expe

Pr0oJctlI. Impact Toilk rron't Dilaprg -

ltfrntl- sit. Weight Velocity Af preMr Tbekrnee.
Il l .. l lfl'w he (r.m.) 111i..,.. 1 h/.l. I, Conte i (POl) M.t't r ia I (i n he$) Elf,) Mi-e

I 0 061 0 0 19 0 210. - tl. Lr (I.X 20 SAf -2 S.n TI 0.02S Perforated %At -2 3

2 0 063 x 0 IV 0 kl o) IS,00 Fra enlt. GOX 20 ,A.-. Ssn TI 0 o, 06."ed0 75 1. hv,' A0-2,5

4 0.063 . 0 19 0.2100 I.600 Normal GoX 60 ,AO -2 5Sn-Tl 0 027, PNo-t.td 0 35 SA -2 ,5

37 0 003 . 0 125 0. 097 11,400 ('no-n. I OX 60 5A. -- 5s.n- TI 0.025 1g.,I0d SAl -2.5

,. 0 003 0 1 5 0 097 11.,0O (rloJ.nt lox 6" SAt -J Ss-Ti 0 0* Iirdtd SAD -2.5

39 0 063 A 0 125 0 097 $0.100 UrknoIn OX A0 5At 1 2 .Nn TI 0 n. l-tl-d SAI -2.

I9 0. 063. 125 0. 097 13. 104 EgPe 00X Au ',At -2 i.Nn-Ti 0. 014 Poo-., -1 0. l 2 n 2 -2.

29 0 063 . 0. 125 0 0"7 12,200 t.nn- L.OX g0 5AI -2 56n TI 0. 014 Igniled SAD -2 5

35 0 063 . 0 l25 0007 10.000 Edo 1.1ox 60 5A -. !Sn- I' 0.014 Peelr.et 0.1 O. 11 $At-2.5

3 0 063 . 0 10 0.227 15.100 splatter 0X 40 6Ad -4-Ti .O1 'irlor.lt'd 6A _41 r _

0 0.063 t 0.IV 0.2020 11.200 Unknoj- GOX 60 6AO 4-T, .. 016 Ifited 6A -4%-

17 0.03 . 125 0 097 12.500 !plail1r 1OX 010 6A( -it. -TI 0...'; Perforated to h.A' -4%-

20 0.063 . 0 125 0 097 11. 410 Normal Gx 60 LAt -4V-Ti 0.017 pur-tureO 0 1 6At -4V -

24 0.063 . 0 125 0.097 11,300 Fran..I. GOX 6 0 BAI -4% -Ti 0.016 Perforat,-d 12 holeb 6A -4 -

20 0 063 X 0 125 0.097 12.300 UnIun-n I0X 60 SAI -4t -TI 0.016 tgruted id Anl- Out WAO -4V-

32 0.063 0.125 0. 0 97 12.500 rl lokru n I x 60 LA I 4 '-T I 0.016 -lIfted 6A i -4 -

26 0.063 x 0 125 0 097 12.200 Normal Nitrogen Ca. 0 60At -4V-Ti 0 016 Punctured 0.26 A/ -4-

42 0.063 . 0.125 0.097 10.900 Normal Alr bTP 6AD -4V-T, 0 016 Punc-red 0 1' 6A -4'

5 0.063 0 0.1I u.2066 'S.000 Splatter 0l0x 60 2024 T3 A. 0 016 Perforated 19 hulI. 2024 T3

II 0.063 . 0. 19 0. I t05 6.000 1,plAtt r (r0.'X 60 2024 T3 A. 0.016 Ps forated 0 maill h,,-= 2024 T3

22 0.063 x 0. 1'r. 0.097 - Nor-al 0X 60 2024 T3 A; 0. Cl PuJmctured 0. 21 2024 T3

23 0.063 . 0. L25 0.097 11,400 Splatter GUX 60 2024 T3 At 0.016 Punctured 10 hole. 2024 T3

31 0.063 x 0. 125 0.007 12.300 Normal LOX 10 2024 T3 A 0, 016 Punctured 0. IT x 0.2 2034 T3

34 0.063 . 0 125 0.097 11.600 Nornial 1.0M 60 2024 T3 Ai 0 016 l'nctred 0. 1, o V 1.. 2024 T3

36 0.061 . 0.125 0. 0IJ7 11,600 Ekd.e I OA 60 7024 T3 A( 1 o1, P'wred 0 14 . C 2024 
T 3

w 0.063 0 10 0.2154 13.600 Norm;al x 60 Ml-301 XiH 0 010 Puntu red 0 2, S-301

13 0.093 X 0125 0.007 11 70 Normal GuX 60 Os 301 XFI 0 010 ,'t."d U. 13" S.S30 X

19 0.063 0 0 125 0 07 13.500 Edge (.)X 60 .- 301 XFH 0. 10111 Punct-red 0.1:,• 0.2 Z-301 X

21 0. 03 - 0.125 0 007 11.600 Edge (.IX 60 NN -101 x.),I 0 010 Pu,-t-t. d 0 1"1 3 5-301 X

27 0 .*3 0 0. 125 0.007 11.600 Norma I Ox 60 N 301 x II 0 010 Punr-tured Q 1 " O-0l X

30 0.06
3 

. C 125 0.0907 .900 Fragment. IX 60 0 -30 XFH 0 016 Puntum'd 1b-301 X

33 0 063 0 0 125 0.097 11.600 Edge 1)x 60 -& 1301 XFH 0 010 P tnctured 0.1 00 I s. -301 x

6 0.063 . 0. IV 0.20M3 12.50w Unknon G,1x 60 ',At -2 5n-Ti 0.025 Ignited 2024 T3

0 0.063 0 0. 11 0.2000 tlft"knl Frne'lle (AIX 60 2024 T3 A' 0.Oi6 Per[orated 10 hol'. SA! -2.5

12 0.063 . 0 Is 0 2040 Ulnknn 1ra50nenL. O €,0 6AI -4\ -1: 0.016 2 Pinholes 20Z4 T3

Alo ilf.u rjtanl- .0,61, h

40 0 0.097 0 T2 4 T3 A 0.01 1 02 4 ' 3

41 __________1..... 11 1)060 j ~t4VA,0 : ln10d - IL AD -4V-

41 063 . 0 125 0.097 V. 100 Unknon LOX 60 &1.301 XFH 0 010 b00-301 X
LAt -4V-Ti 0.016 Ignited 6AD -4V-'
.- 30 x0it 0.015 Sh-30I k

7 0.063 0.10 0.19K Un-w No Impact GoX f0 2024 T3 At 0.016 No., SA ;l 51

25 No ProjeoUle - - 6.o o1 -4V. T. 0 016 Nun. LAD -4N'-

46 0.063. 0.125 0.091 nknon Wae,d LOX 60 At -4V -Ti-
s  

0.0I6 None 6AI -4V4-'

43 0.063 0.125 0.097 12. 00 Unkn,- LOX 60 6AD 4 -TI" 0.016 pilwd 10 0. W. GAD -4V'"

44 0.063 o 0 I2 0.097 13.200 Normal Lo)x 60 At -4% -TI*' 0.016 Punctured 0. 15 hole LAO -4
% -

45 0.063 0. 1 0.097 12.200 t nkn- 1.OX 60 6A -4 -TI
5

' 0.016 Ignited. 951 burntd LAOi -4V-

47 0.063 0 25 0.097 12.570 k fnln LOX 6 LAO 4V-T.I" 0.016 ignited. 1% burned 6Al -4V.

40 0.063 1 C 125 0.097 11.400 NoMnIJ Gox 60 6A -4% -TI' 0.v16 Putured o0.15 hole 6Al -4V-.

40 0.03. 0, 25 0.097 11.600 s.oI!l GX 60 AD -4V-TO 0.016 Puctumid 4 *.all hole LAO -4','-

Fragmnenl j 0.07 )

5o 0.063 1 0 .5 01097 11.600 Edge box 60 6A -4. -TI-- 0.016 Punctured U. 13 C . 2 6A -4V-

50 0.0630 0. 125 0.097 12,500 Edge GOX 60 Al -4% -Ti." 0.016 Punctured 0.2 x 0. ZS" LAO -4V-

Unoknma. sice the Impact area -. dra..lrry.d by .OidatwoO.

H01oLh d.phrsm. for No 45. 46. 47. 40 a00 50 -ire- coted , the oul.ld sueor- ny .1th th,.- ,1-t ,,1 WV 4C'

... Both laphrailms for N. 43. 44, 490d1051 ,lr,
1  

Lon I
h

o.,1 e ol-c
t 

3l
U

Loa
t

.f D
[
1 40

12



to E~qertrnenta1 Conditions

:A# -N.Ib-Ti 0.020 t..

S0* -2. t- 1 0. 005 lgeitwf l rsctule froilmfo~e
SMA#-2 1"41 I 0 o5 1P.11.. 0.21 ill. hole -

SAO -3 31l-Ti 0. G38 Igultsol Itpldd with ob-., of .p..rk
WM -: .530-TI 0.025 Wgaited Lxdoddwih evol~uon of yellow .i..b.

5AO -i. M2-Ti 0.014 Wigeted

SAl -. 20M-Ti 0.014 Ignited

SAS -3. $&A-TI 0.014 Ignited

C40 -4V-Ti 0.016 Waled. ProJecit.e hit boff).

W l-dy-TI 0.016 14.11.4

OSi -4V-TI 0.016 Iplkd.

GAI -4V-Ti 0.016 1.50)1.. High speed Dynuaa photographs
SAI -4v-1 1 0.016 Moat Color phbogtapb 42 framre. per Seon.d
GSM -40-Ti 0.0)2 14.15.4d Ph o-eis with Notch.,cnnr
&ML -40-Ti 0. 016 Perforated 10 holes

GAI -4V- 17 0.0t. Porlorated 1O belts

124 T3 .41 0.0)0 Perforated 20 Impact1.. 10 bole#

site t024 T3 Al 0.0)6 Nowe
2024 T3 Al 0.0)6 Perforaed with break -

2014 T3 Ao 0.010 Perforebd IL Iimpacts. 5 boles, high speed Dyoala pholorph.
1' 2024 T3 Aj 0.010 Nro-aed 21 rmpacts. 13 holem. photogra.phs with Hutcbe- camera
10' 20114 T3 Al 0.016 Perforated I bolos
2 2024 T3 At 0.012 Perforated 20 Impacts. 7 bol.s

39-301 010 0.010 6." MI \-.

2030 F1 0.010 Po rfo.-aoed35Ipt.0

P, W-30) XFH 0.010 Perforated 34 Ipacts. 13 holes
85 2-30) xff11 0.0)0 Perforated 3? impacte. 2 holes. blgh speed Dyaa hbUe..
98-30L 0111 0.010 Perfors~to impacts. 3 boles
W-30Lf fl4 0.010 None

8 -20L X1K 0.010 Poriorated 0 110160

2014 TI A; 0.0)2 Pe'rformted 35 il~p&,t.. !G oftiS)) h0les

5At -
2
,SB-Ti 0.025 lifolted

2024 T3 Ai 0.010 1 pibl Projectile iroke P

GAL-40TI 0.010 Ignited

0 4 T I 'v 
0 .0 1 6

NS.301 XTlI 0. 0)1u
6AI -40 -Ti 0. 010 None
Sb-30k XIII 0. Ci

SAi -2.5ti-fl 0.025 N-i.
rA9 -4k -Tj 0.0)4 No". No proctle -charge four and tao-hal feet from ta
00* 4 -J 0 0)8 No,.

GAI -4V-T,0K 0.010 2 Wo..
GAJ -40 -Ti... 0.0)L6 Ignited, 921, horned -

SMJ -4% -Ti-- 0.0)6 No.' Tao) . ploded
GAO -4% -Ti-- 0.0)0 Ignltd. 91 horned -

6-At -40 -TI* 0.06)6 t i led. 2 eq. Io bu r-d . 1I14hrogme for Nos. 43 W~ 51 "Mr 0, 016-leo).

P0. GAO -4V-TinO' 0.014 PIuctu red two 0.0-:'-ty A 4-i

l O 4Af -4V.Ti-n 0.0)6 Ignited, 30% bhored -

0' GAl -40 -Ti.. 0.016 perforated 1 . t'1 oe



Table 2. Impact Data Summarized InE

Projectile
Diaphragms Velocity.

Round N.. Date Front Rtear Test Conditions (
2

) (ft/sec. ) Front Diaphragm (
3
)

1 U-14-61 0. 025' 5A/ -2.SSn-Ti 0. 025" SAO -2.5Sn-Ti COX. 20 psig. approx. 50*F Not measured I hole. 0. 1,% 5 holes, 0. 03", dia. ; not l,4
2 12-15-61 0. 025" W~ -2.SSn-TI 0. 025" SAL -2.SSn-Ti COX, 20 pslg, approx. 60'F 15,900 1 hole. 0. 75"; 2 holes, 0. 15", die.:t burf
3 1U-15-61 0. 016" 6AL -4V-TL 0. 016' SAL -4V-Ti COX. 60 paig. approx. 60' F 15.100 7 small holes, 0. 056 din.
4 12-15111 0. 025" SAI -2.5Sn-Ti 0. 025" SAE -2.S5in-Ti COX. 60 pslg, approx. 60' F 11,600 1 hole, 0.35'; 2 holes. 0. 10" din.

12U.15-61 0. 016' 2024 T3 At 0. 016" 2024 T3 At ClOX, 60 psig, approx. 80*F 6.000 19 small holes, burned very slightly
6 12-15-61 0. 025" SAJ -2. SSn-Ti 0. 016" 2024 T3 AL ClOX, 60 psig, approx. 60* F 12,500 25%~ of area burned

12-16-61 0. 016" 2024 T3 AL 0. 025" SAt -2. 5Sn-Ti ClOX, 60 psig, approx. 60oF Not measured No dsamage
12-16-61 0. 016" 2024 T3 At 0. 025" SAE -2.58n-Ti ClOX. 60 raig, approx. 60'? Not measured 19 small holes, burned very slightly

912-16-61 0.01CI" SS-.i01 XFII 0. 010" 118-301 XFH ClOX, 410 paig, approx. 60' F 13,600 1 hole, 0. 25" dia.; nbt burned
10 12-16-61 0. 016" 6Al -4V-Ti 0. 016" 6iAL-4V-Ti ClOX. 60 paig, approx. 60'?F 11,200 15% of area burned
11 12-16-61 0. 016" 2024 Tl3 Al 0. 016" 2024 T3 Al ClOX. 60Opslg, approx. 559'F 6,000 6 small holes, not burned
I 1. 12-16-61 0. 016" 6AI -4V-TI 0. 016" 2024 T3 Al ClOX, 60 psig, approx. 5'? 10,900 2 small holes, not burned

1412-16-61 0. 010" 11S-301 XFII 0.010" Sh-3ot XFI ClOX. 60 p.1gl. approx. 550F Ut.700 1 hole, 0. 13" dia. ; 1 very smallI hole,
14 12-18-61 None None
1,, 12-18-61 None None
16 12-18-61 None None
17 12-18-61 0. 016" eMI -4V-TI 0. 016" 6A1 -4V-TI ClOX, 60Opsig, approx. 60'?F 12,500 4 holes, 0. 010" dia.; 6 very small holes
14 12-18-61. 0. 014" SAL -2.Sn-Ti 0. 014" SAL -2.511n-TI ClOX, 60 p.1g. approx. 60'?F 15,100 1 hole, 0.1' x 0. 2" din.:- not bu rm'd
19 12-18-61 0. 010" 1,4-301 XIII 0.010"1 SS-301 XFII COX. 60 paig. approx. 60'? 13. 500 1 hole. 0. 15" x 0. 20" die.: not burned

2012-18-61 0. 016" CiAl -4V-Tl' 0. 016" 6At -4V-Tl ClOX. 60 psig, approx. 60'? 11,400 1 hole, .0.1" dis.; not burned
21112-20-61 0.010", IS-301 XIII 0.010", M0-301 XFII COX, 60 psl. approx, 60'?F 13,500 1 hole, 0. 15" x 0. 30*1 dia.: not burned

22 12-20-61 0. 016" 2024 T3 At 0. 016" 2024 T3 Al ClOX. 60 paig, approx. 60'? 13. 600 1 hole. 0. 22" die.; not1 burned
12-20-61 0. 016" 2024 T3 At 0. 016" 2024 T3 Al COX. 60 paig. approx. 60'F 11.400 2 bolas, 0. 10"; 3 holes, 0. 05"; 5 holes.,

2.112-20-61 0.016"1 6At -4V-TI 0. 016" 6At -4V-Ti ClOX, 60 psig, approx. 60 11,300 2 holes, 0. 20" die.: 10 small holes, bui
L,512-20-61 0. 016" 6A/ -4V-TI 0. 016" 6At -4V-'Fi ClOX, 60 psig. approx. 60*F - No0 damage

26 12-20-61 0.016" 6At -4V-Tt 0. 016" 6At -4V-TI Gaseous Nitrogen, 6Opaig.60*F 12.,200 1Shle, 0. 26"1 die.: I very small hole~n,
2712-21-61 0.010"1 48-301 XFII 0. 010" S18-301 XII LOX. 60 paig. -300' F 11,600 1 hole, 0. 15" die.: not bu rned
ZM12-22-61 0. 016" 6At -4V-Ti 0. 016" BAE -4V-TI LOX. 60 pa1g. -3400*F 12,300 Explosion on Impact:. 10% of area burne

12I-22-61 0. 014" W~ -2.SM-Ti 0. 014" SAE -2. SSn-Ti L.OX, 60 psig. -300 12,.200 40% of area burned
30 12-22-61 0.010" 1,4-301 XI'll 0.010", 18-301 XFI L.OX, 60 potg. -300F 6.900 1 hole. 0. 05" die.; not burned
31 12-27-61 0. 016" 2024 T3 At 0.0 16" 2024 T3 At L.OX, 60 paig. -340'* F 12,300 1 hole, 0. 20": 1 hole, 0. 10" dIa.: not t
32 12-27-61 0.016" Mlt -4V-Ti 0.016"1 6AI -4V-Ti L.OX, 60 psig, -300'?F 12,500 60% of area burned
33 12-27-61 0.010" 88-301 XFII 0.01l0" SN-301 XFH L.OX, 60 psig, -300*F 11,600 1 hole, 0. 1" x 0. 18" die.:; not burned
34 1u-27-61. 0. 016" 2024 T3 At 0. 016" 2024 T3 Al L.OX. 60 po1g. -300'?F 11.600 1 hole, 0. 15" x 0. 16" die.: not burned
35 12I-27-61 0. 014" W~ -2. 58n-Ti 0. 014" 5AM -2. I8o-Ti LOX. 60 p.1g. -300' F 10,900 1 hole, 0. 10" x 0. 18" die.; not burned
36 12-21-61 0.016f" 2024 T3A,' 0.016"1 2024 T3 A/ LOX, 60 p.1g. -300'?F 11,600 1 hole. 0. 14" x 0. 20" die. : 7 smallI hol
37 12-28-61 0. 025" SAt -2.58n-Ti 0. 02r," 5AL-2.54n-Ti LOX, 60Opaig, -309'?F 11,400 90% of area burned
36 l2-28-r't 0. 025" 5At -2.5Sn-TI 0. 025" SAt -2. S~n-TI LOX, 60 paig, -300*F 11,900 75% of area burned
39 12-28-61 0. 025" WA -2.5Sn-TI 0. 025" SA; -2.Sn.-TI LOX. 60 pslg. -300'? F0,100 50% of ares burned

012261 0.016 224TAt0. 01 At -4V-Ti Fiont nnl Rea'tr L.OX. 60 poig, -300'F 9,300 All diaphragms: 100% of area burned
0. 0t6 2024 T3 Alt

41 12-28-61 0.010" SS-301 XFll
0. 016" OAt -4V-TI Front and Rear L.OX. 60Opslg. -300'? 9,100 All diaphragms: 75% of area burned
0.010" 1188-301 XFHIl

42 12-28-61 0. 016" GMt -4V-Ti 0.016", 6AI -4V-TI Air. I atm pressure. 65'?F 10,900 1 hole, 0. 15" dia.; 1 smail hole, not b.
43 1-9-62 0. 016" 6AI -4'l-Ti* 0.016"1 EAt -4V-TIO L.OX, 60 psig. -300'? 12.800 75% of area burned
44 1-9-62 0. 016" 6AI -4 V-Tl* 0. 016" 6At -4 V-TIO LOX. 60 pslg, -300'? 13.200 1 hole, 0. 15" die.: not burned
45 1-9-62 0. 016" 6Al -4V-TI** 0. 016" WA -4V-Ti*$ I.OX, 60 ps1g. -300* F 12,200 Explosion ruptuared diaphragm; 95% of:
46 1-9-62 0. 016" eAt -4V-T1

5
' 0. 016" (Al -4V-Ti** IMOX 60 psig. -300'?F 9,200 Not hit

47 1-9-62 0. 016" WA -4V-TIO 0. 016" 6At -4V-T1
5

4 LOX. 60 psig. -300'?F 12,200 85% of area burned
48 t-9-62 0.016"1 6A/ -4V-Il'."' 0.016", 6At -4V-TIOO ClOX, 60 pale, 60'F 11.40)0 1 hole, 15" diet.: not burned
49 1-9-62 0. 016" 6AI -4V-TI' 0.016" eAt -4V-Ti* ClOX. 60 psig. 60'?F 11,600 4 smal! holes, not burned
50 1-10-62 0. 016" CAl -4v-,7. . u.0 16" WA -4Vr-Ti"* (OX, 60 pslg. 60' F -11.600 1 hole, 0. 13" a 0. 2" die.:; not burned
51 1-10-91. 0. 016" 6At -'tV-Ti

5  
0. 016" eAt -4V-Ti* ClOX. 60 puig, 60'?F 12,500 1 hole. 0. 20" a 0. 25" din. not burned

it) Round No. 14. IS, 16 were accuracy shots, only. Test tank was not used.
(2) For tests. I through 12 the projectile firf-, was :1/16- linietu x I/16" thick steelI. 0. 21 grams For nll other tents the projectile was 118" damneer x 1/16" thick steel, 0. 0'17-grir

The propellant used for all tests wan -100 grama o.f C -I vplosive.

(3) Burned area was estimated.

Both diaphragms for Nos. 43. 44, 49 and SI were coated on both surfaces with 3 coats of WD) 40.

Bloth diaphragms for Nos. 45, 46. 47. 46 and S0 were coated on the outside surface only with three coats of WID 40.
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Summarized in Experimental Number Sequence

5 thiaphram0
3

" diern.ta notult !treho o rabrned ti4hamNot a irect hit; projectile Itit the iiaffle and prticie Spirayerd front diaphragm.

2h1 0.I"I. bundslightly 3l5'i of arabre lgtprojecile fnmnaino ceenin

)060 05"- dia. 35% of area buirned Not a direct hit; projsectile hit the baiffle and patrticles sprayed front tiaphrngin.

";2 holes. 0. 10' din. 40i of area burried Slight projectile fragmentation on acceleration.

leca, homned very slightly 261 Impacts. 10 small holes. burned very slightly Projectile fragmented biefore hitting front dinpitragrin.
a, burnedt t hole. 0. 15"; 2 holes. 0. 05'; 13 holes.' < 0 On", din :1w imliacts on rear diaphragmn

damange Pellet hit baffle. but not front diaphragm. Tank reninined prosiiurizeil after blast.

lee, horned very Slightly 451T of area burried Sanme tank and diaphragmis usedl in Rtnd No. 7

dHit. rinot liurneil E~ntire olUaphragai rupturedi, not burned Normal impact of projectile.

hurned t',of area burried

a. riot burnedl No idamage Projeetile fro tnrented blefore hitting front diaphrangom.

a11 . , not bu rneit I small hole, nor horned Projectile fragmented befiire hitting frornt diaphragm.

C dIa. ;I very Smiall hole, riot burnteid I5 impacts. 0 holes, 0.0" in.
- !;hot Was riot a teal; See note (1).

Shot was not a test; Se'e note (1).
Shot was not a test; See note (1).

1 10" (it&. i6 very small holes. not 1urried 6.ist of area tiornei Projectile fragmented linforoi hitting front ilinpihragni.

na 0.2 is. not hoirned 9K1 of area iotrneil Projetile hit on edlge and formied a single elliptical hole in front diaphragmi.

x. 0.20" dia. ; not learrned 34 Impacts, 13 very small holes, riot borned Projectile hit on edge anti form er ni Single ellipitical hiile is fronr itnahragn.

l' din, no!t ltirneil 75'V of area ltntrnerl Normal Impact of projectile.

A ' a. 0.30' ills.;i nor bmee 32 Impacts, S small holes. not liurned Sanme results as In Rtoundls lit anti 19. Iligh Spneid 1holographs takien (lyriafani.

r' dia. ; nr~t learned Ar least 10 Small holes. not burred Normal projectile impact. Diamagle So extensive ats Ii, prevent couinting of hles.

10" lO '3 holes, . 05';i 5 hole., 0. 05'".not hurneil I hole. 0. 20" 4 holes, .05" (tin.; burned very Slightly It IImpacts on rear iiidpdragnt. Iligh Speeid 1rhiilig rarpl (lDynitla.

20" (Ills.,. 10 small holes, burned very slightly. AUT iif area bunrned Projectile fragmented before hitting diaphragm. Hligh Speed ihottecraphm (Ilynafax).

din, Iver smllholnotburedNo damiage Eaplosive Initentionally firedt without projectile. Tank remained piressuriz~ed.

dn.Iveysalhlnobund2 holes. 0. 10" di3. ; 17 very small holev sante tank anti diaphragms useid In exnperimenlt 25, Nir ain Impart ii prjecilie

5s 1" Ina.; not hoirneil " , mpacta. I hole. 0.1IS" ina.; '- small holes not trma Normal Impact of projectile.

on impact; lIN of irs'a burunnd No nlaIIn Color photographs takien at 4H1 franmes per secondl.

bur"maned 651 (of irrea Inirneil Projectile fragmenteti on acceleration.

11~" i. not tnrrn,.d Not idamaged Projectile' hit baffle andi fragmentedi before hitting front diaphragm.

P20-' I hole, 0. 10.- ia. ; not hor-neil I hole. 0. 15'' diii. . 12 nlinal I holes, buirnied very slightly 21 Inipacts on rea r illnphragin. Photoigrapihs taken with Is uk. r vi':m'ern

t&7~ burned IiYJ, iof area horned Photographs taken with lhulchter camera.

1" a 0. It" din. ; not bu rned SSmall holes, not 1in-ire Projectile hit on edge ndi formied a single elliptical hale in frout iliaphrngm.

*', 5' a 0. 16" in., not sInnerd I horle, 0. 10" (il. ; 61 smnall holes, biurneid vnery slightly Normal Imrpact of projectile.

0"x 0. It" din.; not buarned 75'T rf area buirned projectile hit on edge anti formied a single elliptical hole In frost diaphragmn.

4*" a 0. 20' Its.; 7 small holes. nnot burnedl I hole. 0. 10" (ill. ; 7 small holes, bumnedi very slightly -

bourned I hole. 0i.2"- fls. ; iornadl verY Slightly-

tluratei !ISTi of arcs burneid Cylinider aiplareil t0 eaplode with a Shower iof incndmescent material.

b Iurnedl '.) , f area lsorned Cvllnkrntpta-srr'ltoexploiLOO.1 see, after Impat. envolution ofycllniwcloaiiof smoke

a100i, of area brmed All idiaphragmts: uol; of ares bumneri Each panel consisted of a standwvich: At * TI + At

tsm": 75 o of area isi rneil No lainrage Each pane!l consisted of a sandwich: SS + TI + R&t

15" il. ; I small horle, not horned I hole. ii. 10" ills. . 14 sonil hoilis. nit Irirneri Normal Inipact of projectile.

Iurneri I hole. 1.1'.I hol', 0. 10"' ilin. ; tiuronei slightly -
15" ilS trnot buarnedh1 iioo aria lornsii Normal Impact iif projectile.

reptrd evi hhphrngmmr W.1, if area loomiei 1 itints in 1maph ragnr . bll no~t tin' nil
Nit hit Projectile hit biaffle, dil not hit front iliaphragm,. Tank remainedl pressurized.

h urned !',,, otl ;irr'' bu rl

15" il. mint iurnedi 10i of riva hornedi Normal Imipact of Projectile

lns. riot lanir- t, viiall hoh's, mit ioiilProjectile fragmenteid biefore hitting target.

[Z13" n 0.2' din..; mit bured MY;1 of area lwonei projectile hit on edge aid formed a single elliptical hole In front (ilaphragm.

20" a 0.2S" il. . nor tlerneil I hiile. 0. 30', 1 hole, 0i. 20- lia. not iharnedi Projectile hit ont edge and formed a single ellipical hole in front diaphragm.

1, I thO 41 .7 g~13
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Table 3. The Heats and Free Energies of Formation for Titanium Oxides.

F
f,298 0 K -f 298-K

OXIDES (kcai/mole) (kcal/mole)

Ti(s,ca) * 02 (g)--*TtO(s, ) 123.9 117.0

3
2 Ti(s. a) + 02 (g)-*Ti 2 0 3 (s, a) 362.9 342.4

5
3 Ti(s, a) + 5 02 (g}-.Ti 3 05 (s, c) 586.7 553.1

Ti(s, a) 4 02 (g) -- TiO2 (s, rutile) 225.5 212.4

since liquid oxygen was used. The rear diaphragm of this test panel, still on the test
stand, can be seen in Figure 8. The bottom section of the stainless steel flange is
coated with globules of the titanium alloy that melted during the oxidation reaction.

Damage inflicted to five test panels pressurized with liquid oxygen is shown in Figures
6 and 7. The damage Is quite severe, and both diaphragms in three of the test panels
(29, 38, and 39) were burned extensively. An explosion occurred about 0. 1 second
after the 0. 097-gram projectile, traveling at 11,900 ft/sec, struck test panel 38. This
explosion resulted in the shower of incandescent titanium alloy particles that can be
seen (exposure time of 1/125 scond) in Figure 9.

The reaction(s) occurring between titanium and oxygen (Experiment 29) as a result of
the 0. 097-gram, 12,200 ft/sec steel projectile striking the 60-psi pressurized cylin-
der can be seen In Figure 10. These sequence photographs were selected at a definite
time after the initial Impact in order to show the effect. Both 0. 014-inch diaphragms
(5AI-2.5Sn-TI) were penetrated. Frame A shows the titanium of the front dI.phragm
burning, and liquid metal from the rear diaphragm flowing over the edge of the stain-
less steel flange. The reaction increases, as seen from the shower of sparks in
Frames B and C. Incandescent liquid metal can be seen in Frame D (6.146 seconds
after impact) as it flows over the edge of the stainless steel flange at the front of the
test panel. Forty percent of the exposed area of the front diaphragm, and 65 percent
of the rear diaphragm were burned as seen in the appropriate photograph of Figure 6.

3.1.2 6AI-4V-Ti. Seven experiments were made with both diaphragms of 0. 016-inch
thick titanium alloy (6AI-4V-Ti) pressurized to 60 psi. The projectile mass in two
experiments (3 and 10) was 0.21 gram, and was 0.097 gram in the remaining five ex-
periments (17, 20, 24, 28, and 32). Gaseous oxygen was used in five experiments and
liquid oxygen in two experiments (28 and 32).

15
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Figure 6. Test Panels 18, 29, and 35 (5A1-2.5Sn-Ti;, 0.097-Gram
Projectile; 60-psi Pressure)
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Figure 7 t 38 and 395AI. IT; 0, 097 -Ghha

Figure?7. Test Panels 37, 38, and 39 (5A1-2.58n-TI; 0.097-Gram

Projectile; 60-ps Liquid Oxygen)

17



I AE62-020 7j 31 January 1962

Figure 8. Test Panel 35 Immediately After Impact
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Figure 9. Panel 38 After Impact (0. I-Second)
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PROJECTILE '

FRAME A. 2.44 SECONDS AFTER FRAME B. 2.875 SECONDS AFTER
IMPACT. BOTH DIAPHRAGMS ARE IMPACT. BOTH DIAPHRAGMS ARE
BURNING. NOTE LIQUID FLOWING BURNING RAPIDLY IN A SHOWER OF
DOWN REAR DIAPHRAGM AND OVER TITANIUM SPARKS. (
STAINLESS STEEL FLANGE. III

FRAME C. 4.06 SECONDS AFTER FRAME D. 6.14 SECONDS AFTER
IMPACT. IMPACT. LIQUID FLOWING DOWN

FACE OF DIAPHRAGM AND OVER THE
STAINLESS STEEL FLANGE.

Figure 10. Test Panel 29 Reacting After Impact (Titanium
Diaphragm Pressurized with Liquid Oxygen)
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The projectile in Experiment 3 struck the blast shield and shattered; the ricocheting
particles produced seven very small holes (0. 05-inch diameter) in the front diaphragm.
Approximately 35 percent of the exposed area of the rear diaphragm was burned. Ex-
periment 10 was a duplicate of Experiment 3. The 0. 2020-gram projectile traveling
at 11, 200 ft/sec struck the 0. 016-inch diaphragm pressurized to 60 psi with gaseous
oxygen. About 15 percent of the front and the back diaphragms were burned (Figure
11). Test panels 17, 20, and 24 (Figure 11) were pressurized with gaseous oxygen to
60 psi, and subjected to impact from ',e 0. 097-grani projectile. The front diaphragm
in four experiments was penetrated and did not burn, but the rear diaphragms were
burned. High speed photographs of Experiment 24 wsere taken with the Beckman-
Whibtley Dynafax Camera at the rate of 25,600 frames-per-second and the sequence

photographs are shown in Figure 12. The camera was focused on the rear diaphragm.

The front diaphragm of test panel 28 ruptured from the impact of the 0. 097-gram pro-
jectile traveling at 12,300 ft/sec. Frame A (Figure 13) shows the flap of titanium

ripped from the front diaphragm as the liquid oxygen pressure was released. This
flap of metal burned in the oxygen atmosphere, and the reaction can be seen in Frame

B, which was taken 2. 67 seconds after the impact. The rear diaphragm was not pene-
trated or damaged.

Experiment 32 was a duplicate of Experiment 28, but the results were quite different.
The front diaphragm (Experiment 28) was penetrated and ruptured, with no damage to
the rear diaphragm as seen in Figure 13. However, in Experiment 32 there was no
secondary* explosion, and both diaphragms were penetrated and burned; 60 percent
and 90 percent burned area of the front and rear diaphragms, respectively (Figure 14).
Sequence photographs shown in Figure 14 were taken with a 70 mm flulcher camera at
the rate of 25 frames-per-second. Frame 1 (Figure 14) shows the test arrangement
just prior to the detonation of the shaped explosive driver. Impact from the projcctilc
resulted in the penetration of both diaphragms with the production of a cascade of in-
candescent titanium perticles from the rear diaphragm, as seen in the sequence. The
black fragments in the background are chunks of wood that were used to support and
align the shaped explosive charge.

The greatest release of energy is observed when the rear diaphragm of titanium alloy
is penetrated and starts to oxidize, as evidenced by the light intensity in Frame 2 (Fig-
ure 14). Burning subsides after the initial reaction and seems to be about constant
from Frames 3 through 10. After 0.40 second (Frame 11), the intensity increases as
the front diaphragm starts to react violently with the eruption of the shower of incan-
descent particles. These particles move in both directions from the front diaphragm,
i.e., some particles leave the front diaphragm, pass through the test cylinder and out

the rear of the cylinder, since the back diaphragm has already been burned. The oxi-
dation reaction continues through Frame 16 (0. 60 second after impact), the end of the
photographic sequence.

*Detonation af the explosive charge is ccnsidered the primary explosion. Detonation

due to the reactivity of metal (in this case, titanium) with oxygen is a secondary explo-
sion.

21
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Figure 13. Test Panel 28 (6A1-4V-Ti; 0. 097-Gram Projectile;
60-psi Gaseous Oxygen)
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3.2 ALUMINUM ALLOY (2024-T3). Seven experiments (Figures 15, 16, and 17) were
made, using 0. 016-Inch aluminum (2024-T3) diaphragms pressurized to 60 psi; four - )
(5, 1. 22, and 23) with gaseous oxygen, and three (31, 34, and 36) with liquid oxygen.
The 0. 097-gram projectile was used in all experiments, except numbers 5 (0. 2066-
gram) and 11 (0. 1995-gram). The projectile broke up on acceleration to 6000 ft/sec in
Experiment 5, and the numerous fragments produced 19 small holes in the front dia-
phragm, and 26 impacts with 10 small holes in the rear diaphragm. Both diaphragms
were oxidized very slightly around the perforations. Proiectile fragmentation also oc-
curred in Experiment 11 (photograph not shown), and the particles at 6000 ft/sec pro-
duced six small holes in the front diaphragm without burning while the rear diaphragm
was undamaged. The velocity was not determined in Experiment 22 (Figure 15), but it
should be noted that the 0. 097-gram projectile did not fragment on acceleration. It
produced a single round hole (0. 22-inch diameter) in the front diaphragm, and the
fragments of projectile and shear plug perforated the rear diaphragm. These obser-
vations were verified in Experiment 23, although the projectile fragmented on acceler-
ation.

I

Experiments 31, 34, and 36 were duplicates, using an Impact velocity range of 11,600
t to 12,300 ft/sec for the 0. 097-gram projectile. Both diaphragms of the liquid-oxygen

pressurized cylinder were penetrated, and 8light oxidation occurred only at the rear
diaphragm (Figure 16). Sequence photographs (Experiment 31 and Figure 17) show the
jet of oxygen escaping from the punctures produced in the rear diaphragm of the pres-
surized aluminum (2024-T3) structure.

It
3.3 STAINLESS STEEL (FULL HARD 301). Seven experiments (9, 13, 19, 21, 27, 30,
and 33) were made with both diaphragms of 0. 010-inch thick, full extra-hard stainless
steel, type 301, at a pressure of 60 psi. The project'ie mass was 0. 097 gram in all
experiments, except No. 9, where the mass was 0.2154 gram.

Experiments 13, 19, and 21 were duplicates, using gaseous oxygen (Figure 18). The
impact velocity of the 0. 097-gram projectile in the velocity range from 11,600 to
13,500 ft/sec produced one hole (0. 15 inch in Experiment 13 and 0.20 inch in Experi-
ments 19 and 21), fragmented on impact with the front diaphragm, and the numerous
fragments of projectile (4130 steel) and shear plug (301 stainless steel) perforated the
rear diaphragm (in Experiment 13 a second very small hole was formed also). Neither
excessive oxidation nor secondary explosions occurred. The conditions for Experiment
9 were Identical to the previous three experiments (13, 19, and 21), except the projec-

etile mass was greater; i.e. 0. 2154 gram instead of 0.097 gram. This heavier pro-
jectile, with an impact velocity of 13,600 ft/sec, produced a single hole (0. 25-inch
diameter) in the front diaphragm (Figure 18) and perforated the rear diaphragm, An
explosion occurred after the rear diaphragm was punctured, and several fragments
struck and indented the back surface of the front diaphragm.

i Three duplicate experiments (27, 30, and 33) were made, using liquid oxygen. How-
ever, the projectile in Experiment 30 (photograph not shown) struck the baffles,
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Figure 15. Test Panels 5, 22, and 23 (2024-T3 Alumilnumn; 0. 097-
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fragmented, and only one small particle penetrated 'the front diaphragm with no damage
to the rear diaphragm. The projectile impact velocity of 11/600 ft/sec in Experiments
27 and 33 (Figure 19) produced the following: a single hole (0. 15-inch diameter) in the
front diaphragm in Experiment 27, and a single hole (0. 1 by 0. 18 inch) in the front dia-
phragm in Experiment 33; both rear diaphragms were penetrated and perforated with
no other damage.

3.4 FRONT AND REAR DIAPHRAGMS OF DIFFERENT MATERIALS. Front and rear
diaphragms used in Experiment 6 were 0.025-inch 5A1-2.5Sn-Ti and 0.016-inch 2024-
T3 aluminum, respectively. The 0.2085-gram projectile, with an impact velocity of
12,500 ft/sec, struck the front titanium diaphragm. The fragments of steel and tita-
nium alloy produced 35 craters and 16 small holes in the rear aluminum diaphragm. As
a result of this impact on the cylinder, pressurizea to 60 psi with gaseous oxygen, the
front diaphragm of titanium burned (approximately 25 percent) while the rear diaphragm
of aluminum did not react (Figure 20).

Front and rear diaphragms in Experiment 8 were 0.016-inch 2024-T3 aluminum and
0.025-inch 5A1-2.5Sn-Ti, respectively. The impact velocity was not measured on the
cylinder pressurized to 60 psi with gaseous oxygen. In this experiment, the front dia-
phragm of aluminum was penetrated (19 small holes) while the rear diaphragm of tita-
nium burned (45 percent).

3.5 SANDWICH PANELS

3. 5. 1 Aluminum-Titanium. Front and rear diaphragms of test panel 40 were Identical
and fabricated from a 0. 016-inch sheet of 6A1-4V-Ti placed between 0. 016-inch sheets
of 2024-T3 aluminum. Each pair of three sheets, which comprised one diaphragm,
were pressed together between the flanges of the test cylinder, pressurized to 60 psi
with liquid oxygen, and subjected to impact from the 0. 097-gram projectile traveling
at 9300 ft/sec. The aix sheets of metal in the two diaphragms were penetrated and
burned as seen in Figure 21. The presence of titanium is detrimental to aluminum,
since the aluminum panels were almost totally burned under the experimental condi-
tions.

3.5.2 Stainless Steel-Titanium. Front and rear diaphragms of test panel 41 were
identical and fabricated from a 0. 016-inch sheet of 6A1-4V-Ti placed between 0. 010-
inch sheets of full hard 301 stainless steel. Each pair of three sheets, which compris-
ed one diaphragm, were pressed together between the flanges of the test cylinder pres-
surized to 60 psi with liquid oxygen and subjected to impact from the 0.097-gram pro-
jectile traveling at 9100 ft/sec. The projectile penetrated the three sheets of the front
diaphragm, but the fragments did not penetrate any of the sheets in the rear diaphragm.
However, the impact shock almost ruptured the entire rear diaphragm at the contact
between the diaphragm and the cylinder flange. Three small discolored spots were

*; - formed on the stainless steel (rear of the No. 1 sheet) in contact'with the liquid oxygen.
It can be seen in Figure 22 that the three panels in the front diaphragm were not only
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Projectile; 60-psi Liquid Oxygen)
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Oxygen; Impact by 0.097-Gram Steel ProjectIle, 9,300 ft/sec)
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penetrated but were extensively burned. The presence of titanium Is detrimental to
stainless steel since the steel panels were extensively burned under the experimental

soditions.

3.6 RETARDANT WD-40* on 6A1-4V-Ti

3.6.1 Both Surfaces of a Diaphragm Coated. A 0.016-inch she it of titanium alloy
(6A1-4V-TI), coated with a triple layer of WD-40 on both surfaces, comprised both
diaphragms used in Experiments 43, 44, 49, and 51. Both diaphragms in Experiments
43 and 44, pressurized to 60 psi with liquid oxygen, and struck with the 0. 097-gram
projectile traveling at i3, 000 ft/sec were pe.tetrated. The front diaphragm burned in
Experiment 43, while only the rear diaphragm burned in Experiment 44 (Figure 23).
However, neither titanium alloy diaphragms of the gaseous oxygen pressurized cylin-
der (Expertrment 51) burned, although both were penetrated with the 0. 097-gram pro-
jectile traveling at 12,500 ft/sec. The fvgments of projectile and titanium alloy re-
moved from the front diaphragm perfo, zed the rear diaphragm (Figure 23).

3.6.2 Exterior Surface of Both Dia, ,ragms Coated. A 0. 016-inch sheet of titanium
alloy (6AI-4V-TI), coated with a triple layer of WD-40 on the exterior surface, com-
prised both diaphragms used in Experiments 45, 47, 48, and 50.

The front diaphragms of Experiments 45 and 47, pressurized to 60 psi with liquid oxy-
gen, and struck with the 0. 097-gram projectile traveling at 12,200 ft/sec, were pene-
trated and burned. It can le seen in Figure 24 that the rear diaphragm of Experiment
47 was also severely burned while that of Experiment 45 was undamaged. This lack of
damage to the rear diaphragm (Experiment 45) can be attributed to the explosion which
ruptured the front diaphragm and released the pressure on the cylinder. A secondary
explosion (see footnote on page 21) or rupture occurred, and this can be deduced from
the unburned fracture surface that still remains on the test panel (Figure 24).

The front diaphragms of Experiments 48 and 50, pressurized to 60 psi with gaseous
oxygen and struck with the 0. 097-gram projectile traveling at 11,600 ft/sec, were
penetrated without burning while the rear diaphragms were burned (Figure 24).

*WD-40 is a proprietary material of the Rocket Chemical Company, San Diego, Cali-

fornia. This material dries to a thin, tacky film that has excellent corrosion re-
sisting qualities, and has been found to reduce the incidence of ignition of titanium
under test conditions.
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4 SUMMARY AND DISCUSSION

4. 1 SUMMARY. It can be concluded from the data presented phenomenologically in
the previous sections that:

a. Pressurized structures will not rupture or lose pressure when subjected to the
shcck wave generated with a one pound explosive charge at a distance of 4-1/2
feet.

b. The projectile, heated from both the explosive and the flight through the air, will
not cause all pressurized structures to either burn or explode.

c. Aluminum alloy 2024-T3 does not chemically react catastrophically with gaseous
or liquid oxygen when diaphragms pressurized to 60 psi are struck with steel
projectiles weighing 0. 097 to 0. 2066 gram traveling at a velocity up to 12,300
ft/sec. The 0.016-inch front diaphragms will successfully fragment the steel
projectile (see Experiments 5, 6, 8, 22, 23, 31, 34, and 36; Figures 15, 16,
and 20).

d. Full hard stainless steel 301 does not chemically react catastrophically with
gaseous ot liquid oxygen when diaphragms pressurized to 60 psi are struck with
steel projectiles weighing 0.097 to 0.2154 gram traveling in the velocity range
from 8,900 to 13,600 ft/sec. The 0. 010-inch front diaphragm successfully
fragmented the steel projectile (see Experiments 9, 13, 19, 21, 27, 30, and 33;
Figures 18 and 19).

e. Titanium alloy (5A1-2. 5Sn-Ti) chemically reacts catastrophically with gaseous or
liquid oxygen when diaphragms pressurized (20 to 60 psi) arc. struck with steel
projectiles weighing 0. 097 to 0. 2190 gram traveling in the velocity range of 9100
to 15,900 ft/sec. The front diaphragm of gaseous oxygen pressurized cylinders
was penetrated, while the i'ear diaphragm chemically reacted and burned. Either
one or both diaphragms of liquid-oxygen pressurized cylinders react chemically
(see Experiments 1, 2, 4, 6, 8, 18, 29, 35, 37, 38, 39; Figures 5, 6, 7, and 20).

L Titanium alloy (6AI-4V-Ti) chemically reacts catastrophically with gaseous or
liquid oxygen when diaphragms, precsurized to 60 psi, are struck with steel
projectiles weighing 0. 097 to 0. 2127 gram traveling in a velocity range from
10,900 to 15,100 ft/sec. Either or both diaphragms can chemicaliy react (see
Experiments 3, 10, 17, 20, 24, 28, and 32; Figures 11, 13 and 14).

g. Coatings of WD-40 retard the chemical reactivity of titanium alloy (6AI-4V-Ti)
diaphragms pressurized to 60 psi with gaseous oxygen and struck with steel
projectiles weighing 0. 097 grar.: traveling in the velocity range from 11,400 to
12,500 ft/sec (see Experiments 48, 50, and 51; Figures 23 and 24).
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Experiments 3, 10, 17, 20, 24, 28, and 32; Figures 11, 13 and 14).

g. Coatings of WD-40 retard the chemical reactivity of titanium alloy (6A1-4V-Ti)
diaphragms pressurized to 60 psi with gaseous oxygen and struck with steel
projectiles weighing 0. 097 gram traveling in the velocity range from 11,400 to
12,500 ft/sec (see Experiments 48, 50, and 51; Figures 23 and 24).
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,h. Coatings of WD-4G do not appear to retard the chemical reactivity of titanium
aOloy (6AI-4V-Ti) diaphragms pressurized to 60 psi with liquid oxygen struck with
steel projectiles weighing 0. 097 gram and traveling in the velocity range of
12,200 to 13,200 ft/sec (see Experiments 43, 44, 45, and 47; Figures 23 and 24).

i. Full hard stainless steel 301 or aluminum 2024-T3 structures subjected to an
impulsive load cannot be used when in contact with titanium alloys (6AI-4V-Ti or
5AI-2.5Sn-Ti) in a pure liquid or gaseous oxygen environment (see Experiments
40 and 41; Figures 21 and 22).

J. At least three pressurized cylinders exploded from either the projectile impact
or the shock wave generated from the impact. Twc cylinders that exploded were
fabricated with titanium alloy diaphragms, while the third was made from stain-
less steel (see Experiments 9, 28, and 45; Figures 13, 18, and 24).

k. Titanium (6AI-4V-Ti) will not burn in air (sea level environment) when struck
with the 0. 097-gram projectile traveling at 10, 900 ft/sec (see Experiment 42 and

Figure 25).

1. Titanium (6AI-4V-Ti) will not burn in a pure gaseous nitrogen environment when

struck with the 0. 097-gram projectile traveling at 12,200 ft/sec (see Experiment
26 and Figure 26).

PM U - rWM MAPIM.3'-H Noa. URl D PRAOM
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Figure 25. Test Panel 42 (6A1-4V-Ti; 0.097-Gram Projectile;
Sea-Level Environment)
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Figure 26. Test Panel 26 (CA' *V-Ti; 0. 097-Gram Projectile;
60-psi Gaseous Nitrogen)

m. One test cylinder, with both diaphragms fabricated from titanium (6A1-4V-Ti),
and each diaphragm coated on both sides with WD-40, did not burn or explode

when struck with the 0. 097-gram steel projectie traveling at 12,500 ft/sec. This

experimental result should be verified (see Experiment 51 and Figure 23).

4.2 DISCUSSION. The use of titanium at elevated temperatures is restricted by its
reactivity with oxygen. Titanium reacts exothermically with oxygdn [Ti + 02 -

TiO2 (rutile)] at 610°C and the heats and free energy of formation are -225.5 and

-212.4 kcal/mole, respectively (it should be racognized that the thermodynamic

values are those for the pure elements and not the alloys under consideration).
Aluminum reacts exothermically with oxygen (A1 2 0 3 , corundum) and the heat and free

energy of formation are -396. 19 and -399. 09 kcal/mole, respectively. Aluminum

reacts with nitrogen at 1500 C and the reaction beco es exothermic at 8200 C. The
iron nitrides are unstable as evidenced from the positive values for the free energy of
formation; i.e., the free energy values are +2.6 and 0.89 kcal/mole for Fe 2 N and

Fe 4 N, respectively. Additional physical data are summarized in Table 4.

Stainless steel, aluminum, and titanium have excellent corrosion resistance and this

inactivity can be attributed largely to the formation of a passive oxide surface film.
It is because of this film that titanium is resistant to attack in most oxidizLng media.
This oxide fiim is protective only up to moderate temperatures since oxidation of

titanium occurs very slowly at temperatures as low as 480 ° F (249°C) and the
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Table 4. Physical Properties(1) of Severai Metals

HEAT CAPACITY THtCMAl, CONDUCTIVITY APOMT
(ROOM TEMPERATURE) (ROOM TEMPERATURE) IGN TIOiPYG NT-- 3 IN OXYGEN

MATERIAL cal/OC/mole cal/OC/cm hr/ft /(- F ft) CC)3 2
Al 5.8 0.58 117 over 1000

Cu 10.8 1.51 220 ---

Cr 5.7 0.78 --- 2000

Fe 6.1 0.84 1 26 930

Mg 5.9 0.42 92 540-625

Ni 6.2 0.93 35 ---

Stainless Steel 6.6 0.96 9 ---

Ti 4.4 0.42 14 610

Zr --- --- 1400
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oxidation rate incress as the temperature is increased. The oxidation of titanium
follows the parabolic ri.:L ),,w with time at any given temperature. In addition to the
oxidation reaction, ticre is also a diffusion of oxygen into titanium which enters into
solid solution and hardens and embrittles the metal. The diffusion ofoxygen into
titanium is also temper'ature dependent so that both oxidation and diffusion take place.

Corrosion of metal surfaces is not a problem in liquid oxygen. There can be no
doubt, however, that some metals may be reactive to liquid oxygen under conditions
of high impact. It has been reported (Reference 2) that high surface area metal, as
cxhibitcd by metal wool of aluminum, steel, stainless steel, and magnesium, will
react under liquid oxygen when impacted with 72 ft-lb of energy by a dropped weight
(the titanium reaction has been observed to occur at impact energies as low as 10 ft-
lb, however, at a considerably lower incidence of reaction). Titanium is especially
reactive in the massive state and titanium alloys are slightly more reactive.

Metals will ignite when the energy of an oxidation reaction overcomes the conductive,
convective, and radiative cooling. Ignition is brought about by an exothermic reaction
that takes place between the metal and the gaseous oxygen environment. Critical
pressure limits required 'o produce a spontaneous reaction (negative free energy of
formation) depends on the oxygen concentration.

Under static conditions at room temperature, titanium will spontaneously ignite when It
is in pure (100 percent) oxygen at pressure of 350 psi or greater, whereas, only 45
percent by volume of oxygen is required at a pressure of 2000 psi. These values
apparently depend on the availability of a fresh titanium surface to permit the reaction
to initiate. Less scvcrc conditions arc needed under dynamic conditions. For
example, titanium will ignite in pure flowing oxygen when the total pressure is as low
as 50 psi. The limiting oxygen concentration is about 35 percent. Once the reaction
is initiated, it will continue at high pressures with as little as 2 percent oxygen in
steam % hile about 10 percent oxygen is required at atmospheric pressure.

The physical properties of titanium suggest that it would be more reactive in oxygen
than other metals. This suggestion can be based on the following observed behavior
of titanium:

a. Its low thermal conductivity and low heat capacity on a volume basis resulting in
a low energy loss for any given energy input.

b. Its low ignition temperature in an oxygen environment.

c. A reactivity in high pressure oxygen at and above room temperature.

Titanium alloys subjected to high velocity impact will burn in a pure oxygen environ-
ment with pressures in the range of 20 to 60 psi, but will not burn in a pure nitrogen
or a sea-level environment. This was experimentally proved with test cylinders 26
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and 42 (Figures 25 and 26). Both diaphragms used in Experiment 26 were 0. 016-inch
sheets of 6AI-4V-Ti that were pressurized to 60 psi with gaseous nitrogen. The
0. 097-gram projectile struck the front diaphragm with an impact velocity of 12,20G
ft/sec and fragments of the projectile and diaphragm penetrated the rear diaphragm.
There was no evidence of burning or detonation. Both diaphragms used in Experiment
42 were 0. 016-inch sheets of 6A-4V-TI that were unpressurized and struck with the
0. 097-gram projectile traveling at 12,200 ft/sec. Both diaphragms were penetrated
with no burning or detonation.

Nitrogen will react with hot (800 0 C) titanium metal. However, the heat evolved
(73. 0 kcal/mIe) with the formation of the nitride, from pure nitrogen at 60 psi, and
titanium structures at ambient temperature struck %ith a high velocity projectile, is
noc sufficient to sustain the chemical reaction. Consequently, titanium structures
pressurized with gaseous nitrogen will not react when subjected to impact with a
hypervelority projectile. Oxygen will react with hot (6100 C) titanium metal. The heat
evolved (218 kcal/mole) with the formation of the oxide, from pure gaseous or liquid
oxygen at 60 psi and titanium structures at temperatures from 50' to -300* F. whicli
are struck with a high velocity projectile, is sufficient to sustain the chemical reac-
tion. Unpressurized titanium structures struck with a high velocity projectile in the
sea level environment will not burn ever. with the 20 percent oxygen. This lack of
reactivity can be attributed to the large concentration of nitrogen which effectively
prevents the oxygen from reacting with titanium to form titanium dioxide. Conse-
quently, not enough heat is generated to raise the energy of the titanium to the
reaction temperature threshold necessary for the reaction to become self-s.astaining
(the reaction temperature threshold is the minimum temperature required to permit
the metal to react bpontaneou~ly, and fvr the reaction to sustain itself).

The chemical reactivity between titanium structures at ambient temperature, and
gaseous oxygen (60 psi), can be diminished by providing a layer of WD-40 between the
reactants. The mechanism whereby the WD-40 functions as an inhibitor to the
chemical reaction cannot be stated, although it Vaay be postulated that the organic
material, 1) wets the titanium metal, 2) prevents the gaseous oxygen from contacting
the titanium, and 3) upon impact with the high velocity projectile, burns in the oxygen
environment to form carbon oxides which reduces the oxygen concentration at the
reaction zone and/or forms a boundary layer between the titanium and oxygen. In
any i n s t an c e, the oxygen pressure and environment is lost from the system, before
the energy of the titanium can be raised to the reaction temperature threshold neces-
sary for the reaction to sustain itself. The oxygen concentration in the sea-level
environment is not high enough for the reaction to sustain itself, ahd the metal does
not burn; This proposed mechanism cannot be applied to liqcid oxygen systems, since
the temperature of the structure is -297.4°F. At this temperature, the WD-40 coat-
ing may be brittle and flake-off or spall from the titanium metal upon impact with the
high velocity projectile. The flaking-off of the WD-40 coating from the meta. must be
instantaneous with the impact, and the protective layer is removed so that oxygen
contacts the rmetal and raises the energy of the titanium to the reaction temperature
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threshold necessary lor tile reaction to sustain itself. In this instanpe, :he titanium
will burn as 19ng as a criticai oxygen concentration is maintained. The gaseous oxy-

gen supplied for the reaction will be provided from the vaporization of liquid oxygen.

Structures fabricated from either full hard stainless steel 301 or aluminum 2024-T3
and pressurized with liquid or gaseous oxygen will not chemically react when struck
and penetrated with a high velocity projectile under the conditions used in these

experiments. It should be observed that higher velocity particles of very small mass

may pierce structures and result in catastrophic damage. However, if either metal is

in contact with a titanium alloy (6AI-4V-Ti or 5A1-2.5Sn-Ti) that is exposed to a high

concentration of oxygen at the instant of hypervelocity impact then the chemical
reaction will be catastrophic. This behavior can be attributed to the reactivity of the

titanium alloy which burns in the oxygen environment and raises, due to its proximity,

the temperature of the stainless steel or aluminum metal to the melting and/or

kindling temperature. The energy from the exothermic reaction between titanium and

oxygen is sufficient to maintain the temperature of either stainless steel or aluminum

metal, at or above their reaction threshold temperature. It can be stated that titani-

um ai-l its alloys should not be used in the construction of systems that contain oxygen

or other oxidizing agents. Moreover, titanium and its alloys should not contact oxy-

gen pressurized systems fabricated from stainless steel and aluminum. This reacti-

vity between titanium and oxygen will necessitate careful design in all systems where
titanium is used.

In addition to the hazards resulting from structures burning in the oxygen environ-

ment, there also is the possibility of explosive decompression. Even though stainless

steel and aluminum structures pressurized with oxygen will not burn when struck with
a hypervelocity particle, these structures may explode. Explosions of pressurized

structures will occur when a crack or perforated area is formed, and this crack

propagates catastrophically under the 60-psi internal pressure. Since almost all

pressurized structures were pierced, and only three were observed to explode, it can

be concluded that a critical crack length is necessary to permit the crack to propagate
and result in an explosion (explosions probably resulted from more than three experi-

ments, but the jagged fracture was destroyed by the burning of the metal in the oxygen

environment. Penetration of the diaphragm(s) was made in a manner so that it was

not simply pierced but was ripped). It should be recognized that a very small mass

(0. 0017gram) projectile at high velocity (75, 000 ft/sec) may, 1) behave in a similar

manner as a large mass (0. 097-gram) projectile at a velocity of about 13, 000 ft/sec

and 2) produce an explosion in a pressurized structure. This point must be experi-

mentally verified.

Several liquid pressurized cylinders were completely pierced. The first diaphragm

was penetrated with no further damage, while the rear diaphragm was not only

penetrated but was ripped apart by an explosion. This can be explained by the fact

that the high velocity projectile, 1) initiates a compressior wave in the metal cylinder

as a result of impact on the front diaphragm, 2) passes through the media with a
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velocity in excess of the sonic velocity of the media, 3) initiates a shock wave in the
media which trails the projectile, and 4) pierces the rear diaphragm and thereby
weakens t'e metal so that the structure ruptures, since it cannot reflect the onrush.-
ing, high strength compression wave. It can be concluded therefore, that the front
diaphragm will rupture and release the pressure when the projectile impacts the
structure so that a crack of some minimum length is formed; the front diaphragm will
be pierced while the rear diaphragm will -rupture and release the pressure, when the
strength of the shock wave set-up in the liquid media is great enough to rip the metal
structure, weake:ed by penetration from the projectile and spall fragments.

Three experiments (7, 25, and 46) were made to prove that the pressurized cylinder
would not rupture when subjected to a shock wave generated by an explosive charge.
The one pound charge was detonated at a distance of 4-1/2 feet from the structure
with no adverse effect; i.e., loss of pressure. It should be observed, however, that
the force of the shock wave was partially diminished by the blast shields (Figure 2).

4.3 CONCLUSIONS. Based upon the results found in this experimental program as
well as those reported in the literature (Reference 3), the following ctatements can be
made with regard to the reaction between titanium and oxygen:

a. Explosions that occur in liquid oxygen systems subjected to hypervelocity impact
result from the shock wave generated by the impact and/or the reactions that
take place in gaseous oxygen.

b. Chemical reactions will occur in gaseous oxygen, but very few take place at the
temperature of liquid oxygen. Oxygen is relatively inert in the liquid state; i.e.,
a cold iron wire immersed in liquid oxygen does not react; a hot wire is quenched;
and only a burning iron wire will continue to burn and explode.

c. Gaseous oxygcn is generated from liquid oxygen by the heat released from the
impact of a high velocity particle. Not to be overlooked is the rapid evaporation
rate of liquid oxygen.

d. Titanium will react with oxygen under. dynamic conditions with pressure as low
as 50 psi (Figure 27), if the oxygen concentration is at 35 percent, the minimum
level necessary for reaction to occur. The reaction sustains itself when a fresh
titanium surface is exposed to the oxygen, and the oxidation rate is dependent on
both the oxygen pressure and concentration. When the oxidation rate is high and
the heat is gererated faster than can be lost to the surroundings, then the tem-
perature of the metal increases until it melts. When melting occurs, the reac-
tion becomes self sustakrdng and continues until either one of the reactants is
consumed. This reactivity can be attributed to the solubility and rapid diffusivity
of the titanium oxides in liquid titanium, which provides a fresh molten surface
to react with the oxygen. Zirconium, whose oxide is soluble in the molten metal,
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and aluminum, magnesium, tantalum ana columbium, whose oxides are insoluble,

have been tested and only zirconium burned.

It appears that the solubility of the oxide in the metal is the most iMportant factor in
pe 1emitting deflagration. However, the protective film concepL should not be com-

pletely disregarded. It should be observed that high gas flow rates may remove pro-
tective oxide films, cause the film to move or flow over the molten metal and thereby
produce a clean metal surface for reaction to occur.
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APPENDIX

Test Cylinder. The five-inch diameter test cylinder was fabricated from 1/2-inch
thick stainless steel and the details of construction are given in Figures 28 and 29 and
Table 5. A 3/8-inch thick flange, provided with a Toruseal groove (0.25-inch by
0. 075-inch) for sealing, was welded on each end of the cylinder. The two 7-inch
diameter test diaphragms were placed between the cylinder and mating flanges held in
place with twelve 1/4-inch bolts. This cylinder was purged for 3 to 5 minutes with
gaseous nitrogen, and 5 minutes with gaseous oxygen before the tank was pressurized
for impact testing. Purging and overflow was accomplished by opening the 1-inch
line located on the top of the cylinder, while the 1/2-inch line located on the side of
the cylinder was used to fill the tank.

OUTLET
VALVE

IMPINGEMENT PRESSURE
DIRECTION ON VESSEL
DIAPHRAGM

VALVE

Figure 28. Pressurized Test Cylinder and Fixture
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Table 5. Materials for Test Cylinder

ITEM MATERIAL DETAILS AND INSTRUCTIONS

1. Twelve hex head cap screws, 1/4 NF 28, A286, 3/4 in. long. Typical for both
ends of test cylinder.

2. Manually operated Flo-Ball valve, Hydromatics Inc., Model 115C stainless
steel for liquid-oxygen service, 1/2-inch nominal size. Valves 2 and 3 are
positioned 90 degrues apart 8 inches from tank.

3. Manually operated Flo-Ball valve, Hydromatics Inc., Model 115F stainless
steel for liquid-oxygen service, 1-inch nominal size.

4. Weld flange rings to pipe. Machine flange surface after welding.

5. Stainless steel nipe. 5-inch nominal size.

6. 1-inch stainless steel fitting and 10056-16. Weld to rank. Use stainless steel
flare nuts and 8 inches of Type 304 tubing.

7. 1/2-inch stainless steel fitting and 10056-8. Weld to Tank. Use stainless
steel flare nuts and 8 inche. of Type 304 tubing.

8. Stainless steel Toruseal, Size No. C5750A. Typical for both ends of test
cylinder.

9. 1-inch stainless steel flare nut on 8-inch length of Type 304 tubing to fit and
10056-16 on valve.

10. 1/2-inch stainless steel flare nut on 8-inch length of Type 304 tubing to fit and

10056-8 on valve.
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